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Summary  The  cochlear  implant  (CI),  by  enabling  oral  communication  in  severely  to  profoundly
deaf subjects,  is  one  of  the  major  medical  advances  over  the  last  ﬁfty  years.  Despite  the  globally
very satisfactory  results,  individual  outcomes  vary  considerably.  The  objective  of  this  review
is to  describe  the  various  factors  inﬂuencing  the  results  of  CI  rehabilitation  with  particular
emphasis  on  the  better  understanding  of  neurocognitive  mechanisms  provided  by  functional
brain imaging.
The  following  aspects  will  be  discussed:
1. Peripheral  predictors  such  as  the  degree  of  preservation  of  nerve  structures  and  the
positioning of  the  electrode  array.
2. The  duration  of  auditory  deprivation  whose  inﬂuence  on  brain  reorganization  is  now
becoming  more  clearly  understood.
3. The  age  of  initiation  of  hearing  rehabilitation  in  subjects  with  pre-lingual  deafness  inﬂu-
encing the  possibility  of  physiological  maturation  of  nerve  structures.
4. The  concepts  of  sensitive  period,  decoupling  and  cross-modality.
5. In  post-lingually  deaf  adults,  brain  plasticity  can  allow  adaptation  to  the  disability  induced
by deafness,  subsequently  potentiating  CI  rehabilitation,  particularly  as  a  result  of  audiovisual
interactions.
6. Several  studies  provide  concordant  evidence  that  implanted  patients  present  different
phonological  analysis  and  primary  linguistic  capacities.The results  of  CI  rehabilitation  are  dependent  on  factors  situated  between  the  cochlea
and cortical  associative  areas.  The  importance  of  higher  cognitive  inﬂuences  on  the  func-
tional results  of  cochlear  implan
cognitive  management  of  deaf  p
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provided  by  the  CI  [8].  Central  processes  therefore  play  an
essential  role  in  understanding  of  the  CI  message.Understanding  the  deafened  brain:  Implications  for  cochlea
Introduction
Severe  to  profound  bilateral  deafness,  especially  when  it
occurs  in  subjects  previously  able  to  hear,  can  cause  social
isolation  and  severe  distress.  The  cochlear  implant  (CI),  by
enabling  good  quality  oral  communication  in  quiet  [1,2],
represents  one  of  the  major  medical  advances  over  the  last
ﬁfty  years.  CI  can  be  proposed  in  patients  with  congenital
deafness  (pre-lingual  deafness),  ideally  before  the  age  of  2
years,  or  in  patients  in  whom  severe  hearing  loss  occurred
after  acquisition  of  language  (post-lingual  deafness).  In
1995,  there  were  12,000  implanted  subjects  throughout  the
world,  with  120,000  in  2008,  and  200,000  in  2010.  Despite
the  globally  very  satisfactory  results,  individual  outcomes
vary  considerably.  For  example,  the  median  recognition  of
disyllabic  words  is  70%  1  year  after  surgery  (range:  100  to
0%)  [1].  This  variability  is  observed  in  both  post-lingually
deaf  adults  and  congenitally  deaf  children  [2].  The  propor-
tion  of  patients  with  word  recognition  scores  less  than  10%  is
difﬁcult  to  assess,  but  appears  to  be  about  10%  [3].  However,
patients  with  test  scores  less  than  50%  must  be  considered
to  present  oral  communication  difﬁculties.
This  marked  variability  of  outcomes  can  be  partly
explained  by  peripheral  predictors  such  as  the  degree  of
preservation  of  spiral  ganglion  cells  [4],  or  the  position  of
the  electrode  array  [5,6]. The  duration  of  auditory  depriva-
tion  is  another  major  predictive  factor  due  to  its  impact  on
the  peripheral  [7]  but  especially  the  central  nervous  system.
Functional  brain  imaging  has  improved  our  understanding  of
maturation  of  central  auditory  pathways  in  children,  and  the
cerebral  changes  induced  by  sensory  deprivation  in  children
and  in  adults.  The  inﬂuence  of  cognitive  factors  appears  to
be  just  as  important  if  not  more  important  than  peripheral
structures  in  the  performance  of  CI  [8].
The  objective  of  this  review  is  to  describe  the  var-
ious  factors  inﬂuencing  the  performance  of  CI  hearing
rehabilitation,  with  particular  emphasis  on  the  better
understanding  of  neurocognitive  mechanisms,  provided  by
functional  brain  imaging.
Possible causes of variable performance
Factors  considered  to  have  little  or  no  inﬂuence
The  older  age  of  implantation  of  post-lingually  deaf  adults,
although  resulting  in  lower  performances,  provides  a  high
gain  in  life  quality  to  this  sub-population  [9].  There  is  there-
fore  no  upper  age  limit  for  cochlear  implantation.  The  type
of  implant  or  coding  strategies  at  equivalent  times  has  been
excluded  so  far  as  factors  of  variable  performance  [10,11].
Published  results  on  meningitis  as  a  cause  of  deafness  are
contradictory.  Some  authors  consider  this  aetiology  to  be
associated  with  poorer  results  due  to  more  difﬁcult  and
therefore  incomplete  insertion  of  electrodes  [12]  or  due
to  central  disorders  (secondary  hydrocephalus  for  example)
[9].  Other  authors  have  reported  similar  performances  to
those  of  patients  implanted  for  congenital  deafness,  when
more  progressive  and  higher  stimulation  thresholds  (C  and
T  levels)  and  higher  stimulation  rates  are  applied  during
ﬁttings  [13].
t
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Certain peripheral  factors  have  also  been  proposed  to
xplain  the  variable  performance  of  CI.
ositioning  of  electrode  array:  angle,  length,  scalar
lacement
he  targets  of  electrical  stimulation  are  the  spiral  ganglion
ells.  There  is  a  relationship  between  the  distance  to  the
piral  ganglion  and  the  quantity  of  energy  that  needs  to
e  delivered.  Electrode  placement  as  close  as  possible  to
hese  structures  is  recommended  by  inserting  the  electrode
rray  in  the  scala  tympani,  while  avoiding  the  scala  vestibuli,
ith  the  shortest  possible  distance  to  the  modiolus  [5,6].
omputed  tomography  methods  have  been  developed  to
valuate:  the  distance  of  the  electrode  array  to  the  modi-
lus;  the  percentage  placement  inside  the  cochlear  canal
14];  or  the  length  or  angle  of  insertion1 [6,15]. Excessively
eep  insertion  of  electrode  arrays  not  speciﬁcally  designed
or  long  insertion  appears  to  be  associated  with  an  increased
isk  of  cochlear  damage  (contortion,  dislocation)  and  there-
ore  poorer  performance  [5,6].
In order  to  limit  these  peripheral  factors  of  variability,
‘soft  surgery’’  introduction  techniques  [16]  and  the  design
f  electrode  arrays  have  tried  to  decrease  the  distance
etween  the  electrodes  and  spiral  ganglion  cells.  A  future
pproach  could  consist  of  inserting  the  electrode  array  into
he  modiolus  [17]  and/or  promoting  nerve  growth  by  admin-
stration  of  neurotrophic  factors.  Finally,  other  types  of
on-electrical  (optic)  stimulation  are  currently  under  inves-
igation  [18].
uration  of  auditory  deprivation
he  aetiology  most  frequently  proposed  to  explain  the
ariable  performance  in  congenitally  deaf  children  and  post-
ingually  deaf  adults  is  the  duration  of  auditory  deprivation
7,19,20].  However,  many  mechanisms  are  involved  and
iffer  between  pre-  and  post-lingually  deaf  populations.
Post  mortem  histological  examination  of  the  petrous  tem-
oral  bones  of  post-lingually  deaf  adults  has  concluded  that
oss  of  inner  hair  cells  induces  retrograde  neural  degener-
tion  [21]. The  extent  of  this  degeneration  appears  to  be
orrelated  with  the  duration  of  deafness  [4].  However,  diver-
ent  clinical  and  histological  results  are  observed:  patients
ith  few  residual  spiral  ganglion  cells  can  obtain  good
esults  [11,22]  and  a  long  duration  of  deafness  may  not
lways  result  in  excessive  degeneration.  Another  structure
nﬂuenced  by  auditory  deprivation  is  the  central  nervous  sys-
em:  even  when  all  of  the  peripheral  prerequisites  for  good
erformances  are  present,  functional  cortical  auditory  net-
orks  and  synergistic  audiovisual  cooperation  are  essential
o  derive  meaningful  information  from  the  distorted  sound1 The angle of insertion is more precise for evaluation of electrical
onotopy, ensuring a better correspondence with the Greenwood’s
ormula, relating cochlear place to characteristic frequency.
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he auditory brain
unctional  brain  imaging  (functional  MRI  (fMRI)  or  positron
mission  tomography  (PET)),  evoked  potentials,  electroen-
ephalography  or  magnetoencephalography,  have  eluci-
ated  the  way  in  which  brain  structure  is  modiﬁed  by  the
resence  or,  on  the  contrary,  the  absence  of  auditory  stimuli.
aturation  of  multi-sensory  and  associative  cortical
uditory areas  in  pre-lingually  deaf  children
ortical  responses  generated  by  non-auditory  stimuli  (visual
23]  or  somatosensory  [24]) were  studied  by  fMRI  in  pro-
oundly  pre-lingually  deaf  adults  using  sign  language.  These
on-auditory  stimuli,  not  related  to  sign  language,  gen-
rated  activation  in  areas  normally  devoted  to  hearing
temporal  cortex)  (Fig.  1).  This  mainly  visual  colonization
f  the  auditory  cortex  is  secondary  to  the  absence  of  audi-
ory  stimulation  and  not  to  the  practice  of  sign  language
25]. Normally  functioning  modalities  deploy  supplementary
esources  and  do  not  suffer  from  the  sensory  restriction.
on-implanted  profoundly  deaf  subjects  therefore  develop
etter  spatial  attentional  capacities  [26].
These  higher  capacities  compared  to  normal-hearing  sub-
ects  develop  as  a  result  of:
 potentiation  of  cortical  areas  that  are  already  multimodal
[25,27].  Multimodal  areas  are  deﬁned  as  regions  of  the
brain  able  to  process  and  integrate  physiologically  inputs
of  various  nature.  An  example  of  a  multimodal  area  is  the
associative  auditory  cortex,  which  integrates  visual  and
auditory  inputs  [28];
 modiﬁcation  of  the  intrinsic  properties  of  the  primary
auditory  cortex.  Colonization  by  other  sensory  modalities
of  cortical  areas  not  stimulated  by  their  usual  modality
igure  1  Schematic  surface  representation  of  left  auditory
nd visual  cortices  in  a  setting  of  physiological  sensory  matura-
ion.
hite:  zones  of  activation  responding  to  auditory  input  in  the
rimary  and  secondary  auditory  cortices  and  Wernicke’s  area
temporal  lobe);  black:  zones  of  activation  responding  to  visual
nputs in  the  primary  and  secondary  visual  cortices  (occipi-
al lobe).  In  the  case  of  non-implanted  profound  congenital
eafness,  visual  or  somatosensory  inputs  activate  the  primary
uditory  cortex.
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is  called  cross-modality.  Non-implanted  profoundly  deaf
subjects  therefore  develop  visual  cross-modality  of  the
auditory  cortex.
These  modiﬁcations  are  now  known  to  be  inﬂuenced  by
he  duration  of  auditory  deprivation.  The  study  of  cortical
uditory  evoked  potentials  (latency  and  morphology  of  the
12 wave)  in  children  implanted  at  various  ages  has  demon-
trated  a  sensitive  period  during  which  the  auditory  system  is
articularly  plastic  and  able  to  develop  almost  normal  cen-
ral  maturation.  This  maturation  occurs  as  a  result  of  the
uditory  stimulation  delivered  by  the  CI  [29]. The  sensitive
eriod  is  situated  before  the  age  of  3.5  years.  After  the  age
f  7  years,  speech  integration  and  comprehension  become
uch  more  difﬁcult  and  the  results  of  CI  are  much  more
ariable.  Between  these  two  extremes,  there  is  an  individual
ariability  of  plastic  capacities  and  therefore  performances.
art  of  this  variability  is  independent  of  the  duration  of
uditory  deprivation  and  may  be  explained  by  cross-modal
eorganization  of  the  auditory  cortex.  This  reorganization
eems  to  start  during  fetal  life  and  to  be  irreversible  despite
arly  cochlear  implantation  [30,31].  Some  areas  of  the  tem-
oral  cortex  may  already  be  reused  by  modalities  other  than
earing  and  may  prevent  physiological  auditory  maturation.
nversely,  other  areas  may  remain  devoid  of  any  cognitive
se,  allowing  the  possibility  of  good  performance  of  CI  if
aturation  of  these  areas  is  triggered  by  the  auditory  inputs
rovided  by  the  CI,  even  at  a  relatively  advanced  age  of
mplantation  [32]. The  factors  inﬂuencing  these  maturation
appings  have  not  been  identiﬁed.
At  the  end  of  the  sensitive  period,  in  the  absence  of
uditory  stimulation,  primary  and  secondary  auditory  areas
ecome  decoupled:  these  areas  are  no  longer  able  to
evelop  interconnections,  even  when  cochlear  implantation
s  performed  [33]. Feedback  loops  and  high-level  cognitive
odulations  controlling  auditory  processing  fail  to  develop.
uditory  areas  are  then  available  for  reorganizations  involv-
ng  aberrant  connections  and  neo-couplings.  Children  who
re  implanted  at  an  older  age  may  therefore  present  audi-
ory  activation  in  visual  and  parieto-temporal  areas  with  no
eneﬁt  in  terms  of  speech  comprehension  [29].
Basic  research  has  formally  demonstrated  the  need  for
arly  cochlear  implantation  in  children.  Although  the  sen-
itive  period  for  satisfactory  afferentation  and  maturation
f  the  auditory  cortex  occurs  very  early  in  childhood,  a  cer-
ain  amount  of  plasticity  nevertheless  remains  possible  at
ll  ages  [34—36]. The  brain  of  post-lingually  deaf  adults  can
lso  undergo  changes  induced  by  auditory  deprivation  and
hen  by  CI  rehabilitation.
lasticity  and  cross-modality  in  implanted
ost-lingually  deaf  subjects
espite  progress  in  coding  strategies,  the  auditory  infor-
ation  delivered  by  the  CI  remains  coarse.  In  implanted
2 The P1 wave represents the sum of the activities of synapses
ituated on auditory pathways from the thalamus to high-level cog-
itive areas. It reﬂects associative auditory processing using neural
oops between primary and secondary auditory areas.
Understanding  the  deafened  brain:  Implications  for  cochlear  imp
Figure  2  Word  recognition  learning  curve  during  the  ﬁrst  year
after cochlear  implantation.  Median  results  of  a  population
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lof 55  post-lingually  deaf  adults  expressed  as  the  percentage
recognition  of  dissyllabic  words  derived  from  Fournier  lists  and
presented  at  65  dB  in  quiet.
post-lingually  deaf  subjects,  progressive  improvement  of
performance  during  the  ﬁrst  year  demonstrates  the  capacity
of  the  brain  to  adapt  to  these  deformed  auditory  inputs  that
differ  from  those  to  which  it  is  accustomed  [8]  (Fig.  2).
During  the  period  of  deafness,  subjects  maintain  oral
comprehension  by  developing  lip  reading,  the  efﬁcacy  of
which  varies  from  one  subject  to  another.  They  use  visual
clues  to  complete  the  limited  auditory  information  avail-
able.  It  could  be  logical  to  assume  that  the  use  of  lip
reading  would  decrease  with  restoration  of  hearing.  How-
ever,  in  practice,  the  information  transmitted  by  the  CI  is
too  rudimentary  and  approximate  (particularly  in  noise)  to
be  sufﬁcient  and  requires  the  persistent  use  of  the  visual
clues  provided  by  lip  reading  [37].
Over  the  months  or  even  years  following  cochlear
implantation,  activation  of  the  associative  auditory  cortex
gradually  increases  for  stimuli  containing  speech  informa-
tion,  but  remains  stable  for  noise.  A  central  learning  process
therefore  occurs  in  implanted  patients  enabling  them  to  dis-
tinguish  information  with  a  linguistic  content  from  other
information  [35]. This  constitutes  the  intra-modal  plastic-
ity  of  the  auditory  cortex.  In  parallel,  the  primary  visual
cortex  develops  activation  in  response  to  auditory  stimuli.
As  in  the  auditory  cortex,  the  rate  of  activation  depends
on  the  speech  information  contained  [35]. This  modiﬁca-
tion  of  the  properties  of  the  visual  cortex  corresponds  to
cross-modal  plasticity.  A  basic  inter-modal  audiovisual  coop-
eration  is  present  in  all  individuals,  but  due  to  the  ambiguity
of  the  auditory  signal  of  the  CI,  patients  make  greater  use  of
the  visual  component  compared  to  normal-hearing  subjects
and  develop  synergistic  interactions  [34,36,38]. In  the  case
of  low  performance  with  the  CI  (<  50%  of  word  recognition),
due  to  insufﬁcient  auditory  cues,  a  supplementary  compen-
sation  is  created  by  the  development  of  visual  responses
within  the  auditory  cortex  [39]. This  cross-modal  reorgani-
zation  of  the  auditory  cortex  can  even  become  deleterious  to
speech  comprehension  when  it  is  over-developed,  as  it  has
been  shown  that  implanted  subjects  with  poor  performance
present  deterioration  of  their  word  recognition  scores  in  the
presence  of  visual  stimuli  (colour  screens  or  moving  points)
g
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hat compete  with  auditory  recognition  tasks.  In  contrast,
ormal-hearing  control  subjects  and  cochlear-implanted
ubjects  with  good  performances  are  not  bothered  by  visual
istractors  [40]. Excessive  visual  reorganization  of  audi-
ory  areas  can  therefore  induce  integration  conﬂicts  in  the
ase  of  incongruent  audiovisual  stimuli,  even  when  they  are
evoid  of  any  linguistic  content  [40].
eorganization of phonological processing
ircuits: a possible key to the performance of
he cochlear implantees with post-lingual
eafness
ue  to  degradation  of  the  auditory  information  delivered
y  the  CI,  reconstitution  of  phonemic  cues  in  cochlear-
mplanted  post-lingually  deaf  subjects,  regardless  of  their
erformance,  is  a  cognitively  more  difﬁcult  task  than
emantic  processing  [41]. Implanted  subjects  are  also  not
quivalent  in  terms  of  primary  analysis  of  auditory  infor-
ation.  For  example,  some  subjects  with  poor  performance
erceive  the  auditory  input,  but  do  not  activate  the  area
peciﬁc  for  recognition  of  the  human  voice,  unlike  normal-
earing  control  subjects  and  implanted  subjects  with  good
erformance.  Poor  performance  could  be  explained  by  a
efect  of  extraction  of  the  human  voice  from  the  audi-
ory  message  [42]. Absence  of  recruitment  has  also  been
emonstrated  in  the  left  inferior  prefrontal  cortex  [43], a
ultimodal  region  participating  in  phonological  and  seman-
ic  processing  of  language.
The  absence  of  recruitment  of  these  regions  could  corre-
pond  to:
 an  inappropriate  routing  of  auditory  information  due
to  cross-modal  reorganization  of  these  regions.  Audi-
tory  information  can  no  longer  be  analysed  because  the
dedicated  neurons  now  process  other  sensory  modalities
and/or;
 poor  correspondence  between  the  perceived  sounds  and
their  internal  phonemic  representations.
Phonological  decomposition  is  an  initial  auditory  step
llowing  the  subsequent  semantic  analysis.  Subjects  with
oor  performance  would  therefore  lack  linguistic  analy-
is  and  a  valid  correspondence  between  perceived  and
emorized  phonology,  limiting  extraction  of  speech  com-
rehension.  These  difﬁculties  of  matching  the  sounds
rovided  by  the  CI  and  internal  phonological  representations
end  to  worsen  with  the  duration  of  auditory  deprivation
44].  Progressive  deterioration  of  phonological  memory  and
ts  dorsal  route  (parieto-frontal)  has  been  demonstrated
n  post-lingually  deaf  subjects  (Fig.  3).  Subjects  with  the
ongest  duration  of  deafness  use  the  ventral  semantic  route
occipito-temporal)  to  palliate  the  insufﬁcient  elementary
honological  decomposition.  This  leads  to  difﬁculties  in  pro-
essing  the  information  delivered  by  the  CI  due  to  global
uditory  analysis,  resulting  in  erroneous  segmentation  of
he  message.  In  contrast,  subjects  with  maintained  phono-
ogical  skills  sustained  by  audiovisual  interactions,  present
ood  performances  with  their  CI  and  generally  present  the
hortest  durations  of  auditory  deprivation  [44].
The  study  of  non-implanted  pre-lingually  deaf  subjects
ho  have  developed  good  reading  skills  shows  that  they
102  D.S.  Lazard  et  al.
Figure  3  Functional  MRI  exploration  phonological  memory  of  post-lingually  deaf  adults,  candidates  for  cochlear  implantation  (CI).
Surface representation  of  the  left  hemisphere.
The task  consisted  of  phonological  segmentation  exercises  by  performing  rhyme  tests.  The  ﬁgure  illustrates  the  correlation  between
the neural  networks  used  during  the  task  and  word  recognition  performances  obtained  prospectively  after  6  months  of  implantation.
The physiological  phonological  network  uses  a  dorsal  network  (superior)  including  fronto-parietal  areas,  while  the  ventral  network
(inferior) extracts  semantic  information  and  uses  inferior  temporo-occipital,  anterior  temporal  and  inferior  frontal  areas.  Deaf
subjects who  use  the  dorsal  phonological  network  will  obtain  good  results  with  the  CI.  In  contrast,  subjects  who  use  the  ventral
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Remantic network  (global  analysis)  to  perform  the  rhyme  task  w
etwork signiﬁcantly  decreases  with  increasing  duration  of  aud
re  able  to  successfully  complete  ﬁne  phonological  anal-
sis  tasks  (rhymes)  despite  the  fact  that  they  have  never
eceived  any  auditory  information  [45,46].  Functional  brain
maging  has  demonstrated  the  existence  of  a  dorsal  net-
ork,  less  well  developed  and  less  lateralised  to  the  left
han  in  normal-hearing  subjects,  but  nevertheless  present.
t  is  based  on  more  marked  articulatory  cues  and  internal
epetition  [45,46].  Post-lingually  deaf  implanted  subjects
ith  good  performance  may  therefore  also  use  articulatory
orrespondences  that  have  been  maintained  active  by  audio-
isual  cooperation  [44]. This  audiovisual  cooperation  would
e  less  functional  in  subjects  with  poor  performance,  and
ay  even  become  deleterious  when  visual  colonization  of
uditory  areas  becomes  predominant  [40,47].
More  extensive  investigation  of  the  auditory  memory  of
ost-lingually  deaf  subjects  has  shown  modiﬁcations  of  net-
orks  evoking  environmental  and  non-speech  sounds.  These
eorganizations  depend  on  the  duration  of  deafness  and  are
esigned  to  palliate  the  phonological  deﬁcit.  In  some  cases,
hey  can  be  deleterious  and  associated  with  a  poor  prognosis
f  cochlear  implantation  [44,48].
It  would  therefore  be  tempting  to  propose  a  cognitive
ehabilitation  designed  to  promote  internal  phonological
egmentation  and  correspondences,  and  to  preserve  global
uditory  memory.  Studies  are  currently  underway  in  this
eld.
onclusionuditory  deprivation  is  clearly  responsible  for  socioeco-
omic  disability,  but  also  induces  modiﬁcations  of  brain
rganization  in  both  pre-lingual  and  post-lingual  deafness.btain  poorer  performance  with  their  CI.  The  use  of  the  dorsal
 deprivation.
he  results  of  CI  rehabilitation  are  dependent  on  multiple
actors  situated  between  the  cochlea  peripherally  and  high-
evel  central  associative  areas.  The  importance  of  higher
ognitive  inﬂuences  on  the  functional  results  of  CI  would
ustify  adaptation  of  transmission  of  the  peripheral  message
ut  also  global  cognitive  management  of  deaf  patients  in
rder  to  take  maximum  advantage  of  their  brain  plasticity
apacities.
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